Rational Approach for Improving Optical and Mechanical Properties of Transparent Polyimide for FPC Substrate
Introduction
Recently, transparent polyimides have attracted a lot of attention for optoelectronic applications ranging from displays, photovoltaic cells, optical sensors, to flexible printed circuits (FPCs), etc. [1] [2] [3] Since aromatic polyimides possess excellent thermal, mechanical and electrical properties as insulating materials, they have been widely adopted in FPC substrates. However, these FPCs are usually concealed in electronic devices mostly due to their yellowish or brownish colors caused by strong charge-transfer (CT) complexes. Some effective designing of polyimides can reduce their intrinsic color by suppressing the formation of CT complexes. One of the most common approaches is building polyimides with aliphatic monomers, either diamine or tetracarboxylic dianhydride, or sometimes utilizing both.[4-6] Regarding thermal stability, alicyclic structure, as in cyclohexyl moieties, is preferable in the polymer main chain. To make a FCCL (flexible copper clad laminate), we examined the compatibility of the transparent polyimide film to a copper substrate which plays an important role as an electric conductive material in FPCs. The effective parameters for this goal are a high thermal stability, a good matching coefficient of thermal extension (CTE) as well as a good adhesion to copper foil.
In this communication, we herein report on a rational concept for the application of the transparent FPCs with novel transparent polyimde including a brief synthetic procedure, together with the optical and mechanical properties of the polymers. Comparison with a corresponding analogue (same monomer composition but different sequence) and a composite polyimide film previously reported [7] is also discussed.
Experimental
Transparent polyimide in this research was synthesized from two kinds of oligomers, oligoimide and oligo(amic acid) as seen in the schematic image depicted in Scheme 1. One oligoimide consisted of aromatic tetracarboxylic dianhydride a and aliphatic diamine b (feed ratio: a/b = 1.00/0.88 equiv/equiv), which was soluble in aprotic polar solvents (for example, DMAc, NMP). First, both monomers were mixed to make a temporal oligo(amic acid) precursor. This reaction mixture was then heated up to 180 o C by an azeotropic condition in the presence of xylene for Figure 1 shows transmittance of polyimide films, multi-block copolyimide (A) and random copolyimide (B) synthesized in this study, including talc-composited polyimide (C) previously studied, [7] indicating high visible light transparency for (A) and (B). Indeed, as depicted in Table 1 , the film transmittance at 450 nm of (A) and (B) is much higher than that of talc-composited film (C) while tendency in their haze values shows in an inverse trend to the transmittance.
As for the thermal stability of the films, T g and CTE were measured by TMA in air conditions. All films indicated a T g of above 280
o C, high enough for FPC fabrication so that a Pb-free soldering process can be applied. However, among these films, only multi-block copolyimide (A) (CTE = 16 ppm/K) is suitable for incorporation with Cu (17 ppm/K). It is noticeable that the random analogue of copolyimide (B) does not reach the CTE relative to the requirement for FPC in spite of the same monomer composition as (A). The difference of copolyimide CTEs between the multi-block type and the random type is confirmed in different monomer ratios as shown in Figure 2 . Multi-block copolyimides can decrease CTE from that of the corresponding random analogues by approximately 30 %.
Since talc enables the reduction of polymer's CTE due to a stiff platelet-like structure, talc-composited polyimide film can produce relatively low CTE. [7] With 30 wt% talc, CTE of the composite film is 21 ppm/K as shown in Table  1 , which is effective compared to the without talc (47 ppm/K). However, the incorporation of talc sacrificed the original transparency of the bare polyimide film and increased the haze of the film.
Another drawback for composite materials is relatively low mechanical toughness. In the previous study,[7] although we found one critical effect to increase the T g of the polyimide composite film with thermally treated talc, the σ t and ε t were too low to produce FPCs (see Table 1 (C)). On the other hand, non-composite polyimides such as copolyimide (A) and (B) revealed durable strength and tenacity. It is also noteworthy that copolyimide (A) has higher σ t than (B) by ca. 30 % even though the two copolyimides included the same monomer contents. Such a remarkable difference is probably due to the assembly of rigid monomer b' which may prove effective for thermal and mechanical properties.
On the basis of this study on transparent copolyimides as described above, we demonstrated how to fabricate a transparent FPC sample as shown in Figure 3 , where the Cu line was formed by a typical etching procedure from a transparent FCCL which was composed of Cu sheet laminated with copolyimide (A) as a transparent insulating substrate.
In summary, we evaluated the effectiveness of transparent copolyimide sequences (block type vs. random type) on optical, thermal and mechanical properties. This rational approach may bring new material developments like the elaboration of transparent FPCs. By thoroughly investigating the optimal components, the multi-block copolyimide achieved the following aspects that meet the requirements for FPC application: (i) high transparency, (ii) low CTE comparable to Cu foil, (iii) high mechanical strength, and enough tenacity for flexible usage.
